Nearly a third of the human population is at risk of infection with the four serotypes of dengue viruses, and it is estimated that more than 100 million infections occur each year. A licensed vaccine for dengue viruses has become a global health priority. A major challenge to developing a dengue vaccine is the necessity to produce fairly uniform protective immune responses to all four dengue virus serotypes. We have developed two bivalent dengue virus vaccines, using a complex adenovirus vector, by incorporating the genes expressing premembrane (prM) and envelope (E) proteins of dengue virus types 1 and 2 (dengue-1 and -2, respectively) (CAdVax-Den12) or dengue-3 and -4 (CAdVax-Den34). Rhesus macaques were vaccinated by intramuscular inoculation of a tetravalent dengue vaccine formulated by combining the two bivalent vaccine constructs. Vaccinated animals produced high-titer antibodies that neutralized all four serotypes of dengue viruses in vitro. The ability of the vaccine to induce rapid, as well as sustained, protective immune responses was examined with two separate live-virus challenges administered at 4 and 24 weeks after the final vaccination. For both of these virus challenge studies, significant protection from viremia was demonstrated for all four dengue virus serotypes in vaccinated animals. Viremia from dengue-1 and dengue-3 challenges was completely blocked, whereas viremia from dengue-2 and dengue-4 was significantly reduced, as well as delayed, compared to that of controlvaccinated animals. These results demonstrate that the tetravalent dengue vaccine formulation provides significant protection in rhesus macaques against challenge with all four dengue virus serotypes.
Nearly a third of the human population is at risk of infection with the four serotypes of dengue viruses, and it is estimated that more than 100 million infections occur each year. A licensed vaccine for dengue viruses has become a global health priority. A major challenge to developing a dengue vaccine is the necessity to produce fairly uniform protective immune responses to all four dengue virus serotypes. We have developed two bivalent dengue virus vaccines, using a complex adenovirus vector, by incorporating the genes expressing premembrane (prM) and envelope (E) proteins of dengue virus types 1 and 2 (dengue-1 and -2, respectively) (CAdVax-Den12) or dengue-3 and -4 (CAdVax-Den34). Rhesus macaques were vaccinated by intramuscular inoculation of a tetravalent dengue vaccine formulated by combining the two bivalent vaccine constructs. Vaccinated animals produced high-titer antibodies that neutralized all four serotypes of dengue viruses in vitro. The ability of the vaccine to induce rapid, as well as sustained, protective immune responses was examined with two separate live-virus challenges administered at 4 and 24 weeks after the final vaccination. For both of these virus challenge studies, significant protection from viremia was demonstrated for all four dengue virus serotypes in vaccinated animals. Viremia from dengue-1 and dengue-3 challenges was completely blocked, whereas viremia from dengue-2 and dengue-4 was significantly reduced, as well as delayed, compared to that of controlvaccinated animals. These results demonstrate that the tetravalent dengue vaccine formulation provides significant protection in rhesus macaques against challenge with all four dengue virus serotypes.
Dengue viruses belong to the family Flaviviridae (3) . Four antigenically distinct serotypes of dengue virus have similar clinical presentation, epidemiology, and distribution, especially in tropical and subtropical regions of the world, where 2.5 billion people are at risk of infection (9) . Infection with any of the four dengue virus serotypes can cause diseases ranging from mild febrile illness and classic dengue fever to the severe and potentially fatal forms of dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS) (29) . Natural infection with any of the dengue virus serotypes provides only long-term homotypic immunity, and available epidemiologic data suggest an increased risk for DHF/DSS during secondary infections with a heterologous serotype (21, 22) . Global expansion of dengue virus infections in recent decades has made the development of vaccines for dengue viruses a public health priority. Traditional vaccine approaches such as live attenuated viruses (LAV), inactivated viruses, and subunit vaccines, as well as novel approaches such as cloned, engineered viruses and chimeric viruses using yellow fever virus (YFV) backbone, are being pursued (1, 10, 26, 27) ; however, a licensed vaccine is not yet available.
To avoid the potential for increased risk of DHF/DSS due to postulated immune enhancement (13) , a dengue virus vaccine should elicit protective immunity simultaneously to all four serotypes. Current approaches depend on developing four monovalent vaccine candidates and mixing them to produce a final tetravalent vaccine. This approach introduces considerable constraints regarding production and formulation. Vaccine approaches using live, replicating viruses have shown potential problems with mixed formulations, presumably stemming from serotype competition and/or dominance (7, 20, 30, 34) . To address this potential problem, we are developing nonreplicating DNA vaccines and recombinant viral vector vaccines for dengue viruses. We have previously shown that a dengue virus type 1 (dengue-1) DNA vaccine expressing prM and full-length E genes induced neutralizing antibodies in nonhuman primates and provided partial protection from the corresponding live-virus challenge (28) . It has been generally recognized that an inadequate uptake of naked DNA vaccine by host cells and the resulting poor expression of the antigen(s) are the leading cause of limited success with naked DNA vaccines. We therefore hypothesized that it may be beneficial to use replication-deficient recombinant viral vectors to enhance gene delivery and immunogenicity. Such vectored vaccines may be beneficial as stand-alone vaccine candidates or as components of heterologous prime-boost vaccination regimens. We have recently reported complete protection of cynomolgus monkeys vaccinated with a heterologous prime-boost regimen with monovalent dengue-1 vaccines, based on DNA and Venezuelan equine encephalitis (VEE) virus replicons (4) .
Adenovirus vectors offer the advantages of being generally safe and easy to produce and store. In addition, there is substantial clinical experience with adenovirus vectors, albeit mostly in gene therapy. Second-generation complex adenovirus vectors with multiple deletions can harbor a larger foreign DNA load and are especially suited for developing multivalent vaccines such as tetravalent dengue vaccines. Vaccines based on this vector platform, expressing multiple antigens of Marburg virus (37) and Ebola virus (38) , have already been described. Here we report results from a nonhuman primate study in which animals were vaccinated with a tetravalent dengue vaccine formulated by mixing two bivalent vaccine constructs, CAdVax-Den12 and CAdVax-Den34. Each bivalent construct was previously shown to elicit corresponding bivalent virus-neutralizing antibody in vaccinated mice (16) . Results reported here demonstrate that the tetravalent dengue vaccine elicited a neutralizing antibody response to all four dengue virus serotypes and provided both short-term and long-term protection against challenges from each of the four serotypes.
MATERIALS AND METHODS
Vaccines. Construction and purification of CAdVax-Den12 and CAdVaxDen34 have been described previously (16) . CAdVax-Den12 expressed the prM and E genes of dengue-1 and -2, and CAdVax-Den34 expressed the same genes of dengue-3 and -4. Genomic RNA of dengue-1 (strain Western Pacific 74) grown in Vero cells and low-passage clinical isolates (from the Philippines) of dengue-2, -3 and -4 were used as the source of prM and E genes. The dengue-3 prM and E gene sequences were optimized for human codon usage. Figure 1 shows a schematic diagram of the two bivalent vaccine constructs. Tetravalent dengue vaccine (CAdVax-DenTV) consisted of a mixture of equal proportions of CAdVax-Den12 and CAdVax-Den34. Control vaccine constructs expressed antigens from either the severe acute respiratory syndrome virus (CAdVax-C1) or the hepatitis C virus (CAdVax-C2).
Animals and study design. Rhesus macaques (Macaca mulatta) of either sex, 3 to 8 years old, were used in the study. Animals were prescreened for the presence of anti-dengue virus antibody by using the enzyme-linked immunosorbent assay (ELISA; flavivirus cross-reactive) and the plaque reduction neutralization test (PRNT), and those animals with evidence of previous exposure were excluded. Animals were not prescreened for antiadenovirus antibody. Fortyeight animals were divided into two groups, A and B, of 24 animals each (Fig. 2) . Twelve animals in each group were vaccinated with CAdVax-DenTV. Twelve control animals in group A and in group B were vaccinated with CAdVax-C1 and CAdVax-C2, respectively. Vaccination consisted of two doses (on days 1 and 57) of 1 ϫ 10 9 infectious units, delivered intramuscularly, divided equally between the two deltoid muscles. Four weeks after the final vaccination (day 85), the animals in group A were further divided into subgroups (n ϭ 3) and challenged with live dengue-1, -2, -3, or -4. Animals in group B were similarly divided into subgroups and challenged at 24 weeks after the final vaccination (day 253). Prior to receiving the virus challenge, one of the vaccinated animals from group B died from causes unrelated to the study and was removed from data analyses. The experiments reported herein were conducted in compliance with the Animal Welfare Act and in accordance with the principles set forth in Guide for the Care and Use of Laboratory Animals (25a).
Immune responses. Quantitative measurements of dengue virus-specific immunoglobulin G (IgG) in monkey sera were made by ELISA as previously described (4) . Dengue virus-neutralizing antibody titers were determined by PRNT as previously described (23) . Virus strains used in neutralization assays were the same as those used for virus challenge (see below). Serial twofold dilutions of individual monkey sera were used in the assay. A pool of the sera of all animals, collected before animals were primed, was used as the negative control for PRNT. Fifty percent neutralization titers (PRNT 50 ) were determined by probit analysis using Minitab software. T-cell responses in vaccinated group B animals were measured by a gamma interferon enzyme-linked immunospot (IFN-␥ ELISPOT) assay as previously described (4) .
Antibodies to adenovirus were determined by ELISA. Immunoplates were coated with purified CAdVax vector (diluted 1:500 in phosphate-buffered saline) and allowed to dry overnight at 37°C. The next day, plates were washed, blocked, and incubated with serial dilutions of monkey sera (1:200 to 1:200,000). The remainder of the assay was carried out as previously described (27) . Titers were determined by the inverse of the serum dilution that corresponded to an absorbance reading of two times the background absorbance for the assay.
Virus challenge and viremia. Animals in groups A and B were challenged on days 85 and 253 after they received their primary vaccinations, respectively. Groups of three control and three vaccinated animals were challenged by subcutaneous inoculations of 5 ϫ 10 5 PFU of dengue-1 (Western Pacific 74), dengue-2 (OBS8041), or dengue-3 (CH53489) or by 3.8 ϫ 10 5 PFU of dengue-4 (341750). All challenge virus strains were unattenuated, virulent wild-type virus strains. The deduced amino acid sequence of the dengue-1 antigen in CAdVaxDenTV was identical to that of the challenge dengue-1, and the deduced amino acid sequences of the dengue-2, -3, and -4 antigens in CAdVax-DenTV were 97% or more homologous to those of the corresponding challenge virus strains.
Viremia was determined by using sera collected from daily bleeds following the challenge inoculation. Three hundred microliters of sera was diluted to 1 ml in Eagle's minimum essential medium (EMEM) supplemented with 2% fetal bovine serum, penicillin, and streptomycin. Two T-25 flasks of subconfluent monolayers of Vero cells were inoculated with 0.5 ml of diluted serum and incubated at room temperature for 1 h with gentle rocking. Four milliliters of EMEM containing 5% fetal bovine serum was added to each flask. Cells were incubated at 37°C in a 5% CO 2 atmosphere for 14 days, with a medium change on day 7. The cells were then scraped off the flask, washed with phosphatebuffered saline, and spotted onto immunofluorescence slides. Cells were fixed using cold acetone and processed for indirect immunofluorescence using mouse monoclonal antibody 7E11 (specific for the nonstructural protein NS-1) and fluorescein isothiocyanate-conjugated anti-mouse Ig. Cells were examined with an Olympus fluorescence microscope for the presence or absence of dengue virus-specific antigen. With this method, a single PFU of virus could be detected by using serial dilutions of a virus stock of known titer, which resulted in a sensitivity of detection of about 7 PFU/ml. Serum samples that were found positive for the presence of virus by this method were further examined by direct plaque titration. Two-hundred-microliter volumes of 1:3 and 1:15 dilutions were used in duplicate for plaquing on Vero cell monolayers. The average titer was determined as PFU/ml.
Data analyses. All antibody data were log transformed for statistical analyses. Neutralizing antibody titers against four virus serotypes were evaluated by analysis of variance (ANOVA) and a t test. A repeated measure ANOVA was used to evaluate differences in IgG concentrations in response to four dengue virus serotypes between three points of observations. Viremia in the control and vaccinated animals challenged with dengue-1, -2, -3, or -4 was analyzed by logistic regression.
RESULTS

CAdVax-DenTV induces a tetravalent antibody response.
CAdVax-DenTV causes de novo synthesis of dengue virus antigens (prM and E) in infected cells (16) . Antibodies to these dengue virus antigens are an important aspect of vaccine-induced immunity. The antibody response to each dengue virus serotype was measured by ELISA and PRNT. IgG response to all four dengue virus serotypes was detectable by ELISA in all vaccinated monkeys after their first vaccination (not shown). It should be noted that the ELISA format does not distinguish serotype cross-reactive antibodies. However, of the 23 vaccinated animals, only 5 had developed tetravalent virus-neutralizing antibody, while others had trivalent (7 of 23), bivalent (9 of 23), or monovalent (2 of 23) neutralizing antibody responses (not shown). When responses were measured 4 weeks after their second vaccination (day 85), all 23 vaccinated monkeys had tetravalent virus-neutralizing antibody responses (Table  1) . Geometric mean PRNT 50 titers for the four serotypes on day 85 ranged from 200 (dengue-2) to 937 (dengue-3). The dengue-2-neutralizing antibody response was significantly lower than that of the other serotypes (P Ͻ 0.05). Analysis of group B animals (n ϭ 11) on day 253 showed that except for dengue-3, which showed a decline in the titers from day 85 to day 253, neutralizing antibody titers to the other serotypes were similar to those on day 85, indicating longevity of the virus-neutralizing antibody response. There were no significant differences among serotypes on day 253 (P ϭ 0.1205). Long-lasting virus-neutralizing antibodies depend on a strong CD4 ϩ helper T-cell response induced by the vaccine. However, the IFN-␥ ELISPOT assay failed to detect T-cell responses in peripheral blood mononuclear cells (group B animals) collected at 4 weeks and 8 weeks after the second vaccination and stimulated in vitro with purified dengue-1 (not shown). All vaccinated animals showed moderate T-cell responses when measured at 4 weeks after the virus challenge (not shown).
Antivector immunity does not prevent response to revaccination. One of the concerns regarding virus vector-based vaccines, in general, is the effect of antivector immunity on the performance of vaccines. Since a significant percentage of the human population is preexposed to adenovirus, there is concern that vaccines based on adenovirus vectors may not be effective in the face of preexisting antiadenovirus antibodies. Although this study was not designed to address the effects of preexisting vector immunity, we have sought to determine the kinetics of antivector antibody elicited by an initial vaccination and its effect on the subsequent booster vaccine dose. To accomplish this, antiadenovirus antibody and anti-dengue virus IgG were measured at multiple time points for group B animals. Prior to receiving their first vaccination, all animals were either negative or weakly positive for antiadenovirus antibody, and the highest titer was Ͻ300. Animal RO3052 (Table 1) , which had a prevaccination antiadenovirus antibody titer of 283, nevertheless produced anti-dengue virus antibodies at levels similar to those of animals who had lower or undetectable antiadenovirus antibody. Four weeks after receiving their first inoculation with CAdVax-DenTV, all animals had developed antivector antibody, with end point titers ranging from 652 to 7,680 (Fig. 3) . These titers declined by day 57, when animals received a second dose of CAdVax-DenTV. Four weeks postbooster dose (day 85), antivector antibody titers had increased to levels similar to those seen at 4 weeks postpriming dose. Notably, anti-dengue virus antibody responses to each of the four serotypes also increased in response to the booster vaccination with CAdVax-DenTV (Fig. 4) , indicating that antivector antibody levels on day 57 did not adversely affect the immunogenicity of the booster dose. By day 225, antivector antibody titers had once again declined to levels similar to those seen on day 57 (Fig. 3) , indicating that it may be possible to administer repeat doses of a vaccine based on an adenovirus vector or to administer different vaccines based on this platform.
Protection from dengue virus challenge. The efficacy of CAdVax-DenTV to protect vaccinated animals against a challenge from all four dengue viruses was determined by two separate virus challenges. The first challenge (group A) determined the short-term efficacy of vaccines (4 weeks after vaccination), whereas the second challenge (group B) determined the long-term efficacy (24 weeks after vaccination). Groups of three control and three vaccinated animals were each challenged with one of the four dengue virus serotypes. Animals were bled for 10 days following the virus challenge, and viremia was determined as described in Materials and Methods. Tables  2 and 3 show viremia for animals in group A (day 85 challenge) and group B (day 253 challenge), respectively. All four dengue virus types produced uniform viremia in control animals in both challenges, ranging from an average of 4.66 to 6.66 days and log titers of 0.77 to 2.89 PFU/ml. Four weeks after receiving their final vaccination (Table 2) , all monkeys challenged with dengue-1 or dengue-3 were completely protected, showing 0 days of viremia compared to 5.66 days for the corresponding control groups (P ϭ 0.0007 for both dengue-1 and -3). One of the three animals challenged with dengue-2 was viremic for a single day (group average, 0.33 days) compared to the control group average of 4.66 days (P ϭ 0.0028). Similarly, each of the three animals challenged with dengue-4 became viremic for a single day (group average, 1 day) compared to the control group average of 6.66 days (P Ͻ 0.0001). Complete protection of vaccinated animals from the dengue-1 and dengue-3 challenges was also evident in group B animals, which were challenged at 24 weeks after vaccination (Table 3 ; P ϭ 0.0007 and 0.0011, respectively). Significant protection against dengue-2 and dengue-4 challenges (P ϭ 0.0028 and 0.0354, respectively) was also demonstrated in vaccinated group B animals. It is of interest to note that in group B animals (Table  3) , although the duration of viremia with dengue-4 was significantly reduced in vaccinated animals compared to that in control animals, the virus titers appeared to be higher in the vaccinated animals than in the control animals.
Neutralizing antibody titers for all animals at the time of challenge are shown in Table 1 . Examination of antibody titers and protection indicated that animals challenged with dengue-1 and -3 had antibody titers of Ͼ400 for dengue-1 and Ͼ150 for dengue-3 and were protected. Whether lower titers for dengue-1 and -3 are protective could not be determined by this study. For dengue-2, however, with the exception of animals RO4033 (1-day viremia) and RO4020 (0-day viremia), antibody titers of Ͼ100 appeared to be protective. The threshold antibody titer for protection against dengue-4 challenge a The range is the period between the days on which viremia was first and last detected. b The day-2 serum sample from animal RO3021 was positive for virus by using cell infectivity assay, but virus presence was below the detection threshold by using the plaque assay.
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on October 31, 2017 by guest http://jvi.asm.org/ appeared to be higher than for other dengue virus serotypes. Animals with titers in the 700 to 800 range (day-85 challenge) became viremic for 1 day, whereas those with titers in the 300 to 500 range (day-253 challenge) not only became viremic for 2 to 3 days but also exhibited higher virus titers (Table 3) .
DISCUSSION
A major challenge to dengue vaccine development is the need to produce simultaneous protective immune responses to all four dengue virus serotypes. Candidate vaccines that use several different approaches (LAV, dengue-YFV chimeras, recombinant attenuated viruses, and DNA) are currently in various stages of development. All these approaches require four individual monovalent vaccines as components of the final tetravalent vaccine formulation. Mixed live vaccines such as those in the LAV approach have presented problems related to reactogenicity, serotype dominance, and competition (7, 20, 30, 34) . Recombination is another concern when dealing with mixed formulations based on replicating live viruses. RNA viruses can recombine within and between species. A classic example is the emergence of Western equine encephalitis virus as a recombinant between a Sindbis-like virus and the Eastern equine encephalitis virus (12) . Although homologous recombination among flaviviruses has been reported (8, 36) , and Seligman and Gould (32) have argued that the possibility of untoward recombination events can never be dismissed, this issue has been controversial (6, 17, 25) , and the possibility remains largely theoretical.
To address these issues and to reduce the complexity of dengue tetravalent vaccine, we have taken advantage of a complex adenovirus vector system. This is a nonreplicating adenovirus vector capable of harboring large foreign DNA, making it possible to create multivalent recombinant constructs. We have produced two bivalent constructs (CAdVax-Den12 and CAdVax-Den34), each expressing the prM and E proteins of two dengue virus serotypes. These bivalent vaccine constructs produced bivalent neutralizing antibody responses in vaccinated mice (16) . We have now demonstrated that a tetravalent dengue vaccine (CAdVax-DenTV) formulated by mixing the two bivalent constructs is capable of eliciting high-titered neutralizing antibodies to all four dengue virus serotypes in rhesus macaques. Four weeks after they were vaccinated, all animals (23/23) produced neutralizing antibody responses to all four dengue virus serotypes. Antibody titers were fairly uniform across serotypes, except that titers for dengue-2 tended to be lower than those for the rest. These results demonstrate more uniform and consistent antibody responses than those in other published reports. For example, in a study of a tetravalent YFV-dengue virus chimera vaccine, only two of the four formulations tested produced neutralizing antibodies to all four dengue virus serotypes, and a wide range of titers was reported (11) . Similarly, a recently published study of tetravalent LAV vaccine in rhesus monkeys reported only 70% seroconversion to dengue-4 (35) , and although 100% seroconversion to all four dengue virus serotypes was reported in rhesus monkeys vaccinated with a single dose of tetravalent recombinant LAV vaccine, a second dose was necessary for protection against dengue-2 challenge (2).
There are inherent technical limitations in multivalent vaccine studies with related antigens to conclusively demonstrate that each individual antigen expressed is eliciting a specific antibody response. Although dengue virus antibodies display cross-reactivity with assays such as ELISA and hemagglutination inhibition, they display the greatest serotype specificity with the neutralization test (19) . Published reports from primate studies and human clinical samples suggest that a neutralizing antibody response elicited by a single dengue virus antigen is usually monotypic, and if there are minor crossreactions, they disappear over several months (14, 15, 31) . If the tetravalent neutralizing antibody responses demonstrated in this study were the result of cross-neutralization, one would have expected to see waning titers for one or more serotypes at 6 months postvaccination. The fact that stable antibody titers to all four dengue virus serotypes persisted for 6 months perhaps indicates that the CAdVax-DenTV vaccine is eliciting antibodies specific to all four dengue virus serotypes. We were not able to demonstrate T-cell responses in vaccinated animals. Developing T-cell-based assays for dengue viruses in macaques has been generally difficult. Synthetic dengue virus E peptides have not worked well in in vitro stimulations of primate peripheral blood mononuclear cells (unpublished). Using purified dengue-1 to stimulate T cells in vitro, we were able to demonstrate modest T-cell responses in animals only after they had been challenged (data not shown), indicating that the vaccine did not elicit measurable T-cell response but the challenge inoculation did. Similar results were recently observed with cynomolgus monkeys vaccinated with a dengue-1 vaccine based on the VEE replicon system (4). One reason may be that the infecting virus presents certain epitopes in vivo that are not presented by antigens produced by the vaccine. Another possibility is that the wild-type virus elicits stronger T-cell responses and the sensitivity of the assay is not able to detect weaker responses elicited by the vaccine. This appears to be the case, since a high-titered and longlasting dengue-neutralizing antibody response is indicative of a strong cognate CD4 T-cell response. The T-cell responses reported here are consistent with those reported for cynomolgus monkeys infected with dengue-3 (24) .
Vaccinated rhesus monkeys were protected from viremia when challenged with any of the four dengue virus serotypes. Protection against viremia from dengue-1 and dengue-3 challenges was complete, and a significant reduction in the number of days of viremia from dengue-2 and dengue-4 was observed. Data further demonstrated that the immune responses elicited by the vaccine provided protection against all four serotypes when a challenge was mounted 1 month after vaccination and persisted through a 6-month period and was still capable of providing significant protection against all four serotypes. Complete protection against dengue-1 and -3 challenges was observed with animals challenged at 6 months after vaccination. There was more breakthrough viremia with the dengue-4 challenge at 6 months, however. It is possible that a higher threshold of neutralizing antibody is required for complete protection against dengue-4. Breakthrough viremia from dengue-4 challenge was also observed with the tetravalent YFVdengue virus chimera vaccine (11) , and complete protection against only dengue-2 was reported in the case of tetravalent LAV vaccine (35) . It is of interest to note that vaccinated animals challenged with dengue-4 on day 253 had higher virus titers than control animals, although the duration of viremia in vaccinated animals was truncated. The possibility of antibodymediated enhancement of infection and disease (13) is of particular concern for dengue vaccine candidates. The rhesus monkey model does not allow for disease monitoring, and the small number of animals used makes it difficult to draw definitive conclusions from these observations. Further in vivo and in vitro investigations are required for a clear understanding of this phenomenon.
It is interesting that for dengue-2 and dengue-4, two serotypes for which some breakthrough viremia was observed, the antigens are expressed from the E4 region of adenovirus, compared to dengue-1 and dengue-3 antigens, which are expressed from insertions in the E1 region (Fig. 1) . Although all dengue virus antigen genes are under the control of human cytomegalovirus (hCMV) promoters, it is not known if there is any positional effect within the adenovirus genome. These considerations may be important in fine-tuning immune responses for maximal benefit in future versions of this dengue tetravalent vaccine.
Vector immunity has been a general concern with vaccines based on recombinant viral vectors, including adenovirus vectors (5). It is argued that in individuals previously exposed to adenoviruses, adenovirus vector-based vaccines may not be effective and that even in individuals not previously exposed, vector immunity due to first vaccination with an adenovirus vector-based vaccine will make subsequent vaccinations ineffective. However, Shiver et al. (33) have reported that in the case of an adenovirus vector-based human immunodeficiency virus (HIV) vaccine in nonhuman primates, preexisting immunity could be overcome by the use of a higher dose of vaccine. More recently, the use of higher doses of an adenovirus vectorbased HIV vaccine has been shown to overcome preexisting adenovirus immunity in a phase I human clinical trial (5). However, the result from a recent phase II study of an HIV vaccine based on the adenovirus vector has been discouraging (18) . There have been suggestions that high-level preexisting adenovirus antibody may have increased the risk for HIV infection. While caution is warranted, it is difficult to make comparisons; the HIV vaccine is a T-cell epitope-based vaccine against a chronic infectious virus, whereas dengue vaccines are based on antibody epitopes against an acute viral infection. Our data show that after the first dose of vaccine, appreciable levels of antiadenovirus antibody were detected. However, when animals were given a booster dose at day 57 (8 weeks) in the presence of these antiadenovirus antibodies, we were able to boost both antiadenovirus and anti-dengue virus antibody titers, indicating that the level of preexisting antiadenovirus antibody was not a major issue. By day 169 (week 24), antiadenovirus antibody levels had nearly declined to levels seen at 8 weeks. Thus, it is possible to administer a second booster dose at this time, if needed, or to vaccinate with a different vaccine built on the same platform. We believe that a proofof-concept clinical trial for this tetravalent dengue vaccine and further development of improved vaccine constructs using this vector system are warranted.
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